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Abstract: An approach is presented to design different types of Intraocular lenses (IOLs) with
a uniform optimization algorithm. An improved sinusoidal phase function is proposed to realize
adjustable energy allocations in different diffractive orders according to the design aims. By
setting specific optimization goals, different types of IOLs can be designed using the same
optimization algorithm. With this method, bifocal, trifocal, extended-depth-of-focus (EDoF), and
mono-EDoF IOLs are successfully designed and their optical performance under monochromatic
and polychromatic light is evaluated and compared with their commercial counterparts. The
result shows that most of the designed IOLs, even though they don’t have any multi-zones or
combination of diffractive profiles, have superior or comparable performance to their commercial
counterparts in terms of optical performance under monochromatic light. The result demonstrates
the validity and reliability of the approach proposed in this paper. With this method, the
development time of different types of IOLs could be reduced considerably.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Surgical implantation of an Intraocular lens (IOL) is an effective way to restore the vision of
cataract patients by replacing the natural crystalline lens of the human eye with IOL. The ultimate
goal of IOL design is to provide a functional vision for targets at different object distances,
similar to what the crystalline lens of the human eye does for young eyes [1]. Tremendous efforts
have been made to achieve this goal. The IOL design has evolved from monofocal IOLs to
multifocal IOLs such as bifocal and trifocal IOLs, which provide the functional vision for objects
at more than one distance. To provide functional vision over a certain continuous object range,
Extended-Depth-of-Focus (EDoF) IOLs were developed by increasing the depth of focus [2].
Recently, so-called Mono-EDoF [3], also known as enhanced monofocal IOLs, another group
IOLs in the EDoF classification, were launched to the market, which were claimed to provide
distance vision similar to a standard aspherical monofocal IOL, meanwhile, improve intermediate
vision [4]. A refractive or diffractive surface is usually used to provide multifocal or extended
depth of the IOLs [5]. No matter it is refractive or diffractive, the key for an IOL to achieve
multifocal or EDoF function is to design the phase of the IOL, i.e. the profile of the IOL.
Refractive IOLs usually utilize segmented zones with different powers or optimized surface
profiles to manipulate the specific aberrations that are usually the fourth and sixth-order spherical
aberrations to finally provide multiple foci or extended depth of focus. Fernandez er al. [6]
implemented a multi-configuration approach to optimize the aspheric coefficients of the IOL
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surfaces to obtain a multifocal IOL with through-focus performance. Dai [7] employed an
iterative function minimization algorithm to optimize the surface profiles, thus providing optical
compensation for presbyopia. The major drawback of refractive IOLs lies in the sensitivity of
their optical performance to pupil diameter changes. To overcome this drawback, diffractive IOLs
have gained extensive attention. Diffractive optical element (DOE) for beam shaping techniques
such as axicon [8], peacock eye [9], and light sword element [10,11]were applied to the IOL
design, but such DOEs only reached limited application in human eyes. Other optimized phase
plates like multiple zone multifocal phase [12], and binary-phase mask [13] also demonstrated the
possibilities in the ophthalmic applications. However, the most widely used diffractive structure in
commercial IOLs is the kinoform surface [14—17]. Proper optimizations are normally required to
obtain multifocal or EDoF optical properties. Designing a specific type of IOL usually demands
a specific optimization method such as the ones we mentioned above. To our knowledge, there
is no report on designing different types of IOL using a uniform optimization algorithm along
with the same phase function. Such an approach has the benefit of significantly reducing the
development time of different types of IOLs.

Another essential feature of IOL is the imaging quality that determines how well the vision
would be achieved after IOL implantation. The multiple foci or EDoF is achieved at the expense
of a reduction in retinal image quality, which can be compensated, to some extent, by brain
processing [18]. One essential way to improve the image quality of the IOLs is to increase the
diffraction efficiency [15]. At present, the total diffraction efficiency of commercial trifocal IOLs
with kinoform profiles is about 86%-88% [16,17]. A sinusoidal phase DOE called optimum
triplicator [19], in which the input energy is equally distributed in three foci, offered a diffraction
efficiency as high as 92.56%. The possibility of using such sinusoidal profiles and other sin-like
profiles to design the multifocal IOLs was investigated [20-22]. Recently, commercial trifocal
IOLs [23,24] with sinusoidal profiles have been launched in the market. It is claimed that IOLs
with a sinusoidal profile had low halos and outstanding optical performance in all vision distances
[25,26]. The sinusoidal diffractive IOLs are thus promising for providing high diffraction
efficiency. However, the sinusoidal IOLs based on the optimum triplicator can only be used to
design trifocal IOL, because it lacks the flexibility to allocate energy among different foci. If this
limit can be overcome, it is possible to design different types of IOLs including bifocal, trifocal,
EDoF, and mono-EDoF IOLs.

In this paper, we explore this possibility by making modifications to the sinusoidal phase
function of the optimum triplicator. An approach is developed to design different types of
commercially available IOLs implementing a uniform optimization algorithm. The optical
performance of the designed IOLs is compared with their commercial counterparts.

2. Methods

2.1.  Improved sinusoidal phase function

The optical features of diffractive IOLs such as bifocal, trifocal, EDoF, and mono-EDoF are
mainly provided by the diffractive profile or phase function. The relationship between the phase
function ¢(r) and the diffractive profile /(r) can be described as follows:

A
h(r) = s————=¢(r), (H
20(ma() — m() ¥
where A is the design wavelength, n;(2) is the refractive index of the medium around the IOL,
np(A) is the refractive index of the IOL material, and ¢(r) is the phase function. In this study, 4
is set to 555 nm. To obtain an IOL with desired optical features, the phase function ¢(r) should
be properly designed.
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The phase function of the optimum triplicator with a continuous sinusoidal profile, proposed
by Gori et al. [19], is shown in the following equation:

2712

T

¢ (r) = tan™!(a - (sin(—-)), )
where r is the radial coordinate along the lens aperture, T is the period of the phase function in a
unit of mm?, and « is the parameter to control the sinusoidal amplitude. As indicated by Gori et
al., if ®=2.65718, the triplicator provides equal diffraction efficiency for three diffractive orders
with a total diffraction efficiency as high as 92.56%.

To investigate a commercial sinusoidal IOL, Vega et al. [21] added a shifting parameter S in
the Eq. (2) to obtain a new phase function as shown in the Eq. (3):

o(r) = tan"!(a - (sin(MT_S)

)- 3)
The added parameter S can affect the central region profile of the whole diffractive profile.
The parameter  in Eq. (3) is the only parameter that can be used to adjust the energy distribution
among the intermediate (order 0) and distance (order -1), near (order +1), so that the energy
percentage of the distance (order -1) and near (order +1) remains the same [19,20]. It is therefore
unable to control the energy percentage of the three foci independently by using only a single
parameter . To solve this problem, we proposed a new phase function as shown in Eq. (4):

2n(r? = S) 4r(r? - S)

Co - si
) + Co - sin( T

@(r) = Po - tan™! (a - (sin( ). ()

Here, S =Sy - T, Sp is a constant between 0 and 1, and an additional sinusoidal term with
a period of T/2 has been added to the Eq. (3). A new parameter Po has also been added as
an amplitude parameter for the entire sinusoidal diffractive profile and Co is the amplitude
coefficient of the second sinusoidal term. In the following section, this new phase function
is called the improved sinusoidal phase function and the corresponding profile is called the
improved sinusoidal profile. In the present study, « is still set to 2.65718 to determine the initial
structure. 7 depends on the expected diffractive add power P, of the diffractive IOLs as shown
by the following equation:

Py=— )

where A is the design wavelength. Thus, T is obtained from the predetermined diffractive add
power P;. Therefore, parameters Po and Co are the remained variables that allow us to control the
performance of the new phase function ¢(r). Here, whether the new phase function can control
the diffraction efficiency of each order independently is tested by investigating the diffraction
efficiency of each order.

If a phase ¢(r) is a period function, which is the case for the phase function expressed by the
Eq. (4) when 72 is replaced by x, its diffraction efficiency of each order could be obtained by
the Fourier transform. The diffraction efficiency 7, of order m is calculated according to the
following equations [19,27]:

T
e g / explig(v)] - exp(-—im 23, ©

r]m:|7-m|2’m:_130313 (7)

where ¢(x) is the phase function of the Eq. (4) with x =r2, T is the period, 7, is the Fourier
coeflicient, and 7,, is the diffraction efficiency of order m.
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We set T'=0.6285 mm? (corresponding to a diffractive add power of 1.75 D), and S=0 to
investigate the diffraction efficiency of each order and the total diffraction efficiency when Po
changes from 0.6 to 1.6 and Co changes from -1 to +1. It is important to note that the parameter
S does not affect the diffraction efficiency when it is calculated based on the Fourier transform
of one period without considering aperture size. The diffraction efficiency of the improved
sinusoidal phase function is calculated according to the Eq. (6) and (7), and the results are shown
in Fig. 1(a)-(d).
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Fig. 1. The diffraction efficiency of each order and the total diffraction efficiency change
with Po, Co, with T=0.6285 mmz, S§=0, and @=2.65718. (a) The total diffraction efficiency.
(b) The diffraction efficiency of order -1. (c) The diffraction efficiency of order 0. (d) The
diffraction efficiency of order +1. The solid black curve in (a) represents the contour with a
total diffraction efficiency of 0.86, and the dashed black curve represents the contour with
a total diffraction efficiency of 0.90. The scale bar on the right side of each figure shows
the value of total diffraction efficiency (a) and diffraction efficiency of each specific order

(5)-(d).

The relationship between total diffraction efficiency and parameter Po and Co is illustrated in
Fig. 1(a). Since the diffraction efficiency of the currently available commercial trifocal IOL is
around 0.86 and a diffraction efficiency of 0.9 represents a high level of diffractive IOLs, the
contours representing a total diffraction efficiency of 0.86 and 0.90 are illustrated in Fig. 1(a),
showing that the total diffractive efficiency is jointly determined by Po and Co and that the total
diffraction efficiency increases inversely with Po. Meanwhile, the total diffraction efficiency
increases as Co gets closer to 0. When designing a diffractive IOL, the total diffraction efficiency
should be as high as possible which means that the combination of Po and Co could not be chosen
randomly. To obtain an IOL with diffraction efficiency comparable to or even better than that of
the commercial IOLs, the diffraction efficiency produced by a specific combination of Po and Co
should be under the contour lines as shown in Fig. 1(a). This suggests that a Po in the range of
0.7 to 1.3 and a Co in the range of -0.5 to 0.5 can give a high diffraction efficiency.

The relationship between the diffraction efficiency of each order with Po and Co are illustrated
in Fig. (b) - (d), which shows that both Po and Co have an important role in the diffraction
efficiency of order +1 and -1. For diffraction order 0, Po plays a more critical role in the diffraction
efficiency than Co, as shown in Fig. 1(c).



Research Article Vol. 14, No. 6/1 Jun 2023/ Biomedical Optics Express 2825 |

Biomedical Optics EXPRESS o~

It is also illustrated in Fig. 1. (b) that when -1 < Co <0, Po has a significant effect on the
diffraction efficiency of order -1, showing an increase in diffraction efficiency with the increase
of Po. When Co is around -0.5 and Po is around 1.4, the diffraction efficiency of order -1 reaches
the largest value. The diffraction efficiency pattern of order +1 demonstrates the same trend
except that the largest value appears for the positive Co. Figure 1(a-d) shows that once Po is
set to obtain a certain diffraction efficiency for order 0, Co will affect the diffraction efficiency
of order +1 and order -1 significantly whereas the efficiency of order 0 does not show much
variation as Co has little effect on the efficiency of the order 0. In addition, Fig. 1(b) and (d)
also demonstrates that the diffraction efficiency of the order +1 and -1 do not keep the same
anymore when Po, Co, and other parameters are set as same values. This means the improved
phase function allows us to control the diffraction efficiency of each order independently. By
choosing a certain combination of Po and Co, a specific efficiency pattern, such as 0.4, 0.3, and
0.3 for orders of -1, 0, + 1, can be achieved.

Taken together, it is obvious that the design of a diffractive IOL with specific optical features
can be transformed into searching a proper combination of Po and Co. The exact value of Po and
Co will be determined through an optimization algorithm aiming for a specific IOL design, which
will be in detail in section 2.3. We find that different types of diffractive IOL could be obtained
by simply changing the combination of Po, Co once the specific optimization goals have been set.

2.2. Construction of the sinusoidal diffractive 0L

The material of the IOL is polymethyl methacrylate (PMMA) with a refractive index of 1.492 for
550 nm @35°C and an Abbe number of 56.8. The optical zone diameter of IOL is 6.0 mm. The
design wavelength A is set to 555 nm because the human eye is most sensitive to this wavelength.

The Liou and Brennan eye model is used to optimize the initial parameters of for the sinusoidal
IOLs [28,29]. The cornea spherical aberration (SA) of this eye model for a 6 mm entrance pupil
diameter is 0.26 um. The axial length of the eye model is optimized under a pupil diameter
of 3.0 mm by adjusting the vitreous chamber length to make a distant object in focus on the
retina, resulting in an axial length of 23.598 mm. Then the crystalline lens of the eye model
is replaced by an IOL, which is placed 0.80 mm away from the pupil [30]. The parameters of
the Pseudophakic model eye are shown in Table 1. The parameters of the IOL surfaces are not
shown here because they would be obtained after optimization.

Table 1. Parameters of the Pseudophakic eye model

Component Radius (mm) Conic Thickness (mm) Refractive index Abbe number
Anterior corneal 7.77 -0.18 0.50 1.376 61.2
Posterior corneal 6.40 -0.60 3.16 1.336 55.1

Pupil Infinity 0 0.80 1.336 55.1
Anterior IOL - - 0.90 1.492 56.8
Posterior IOL - - - 1.336 55.1

Retina -12.0 - - -

A sinusoidal diffractive IOL consists of a base refractive lens and a sinusoidal diffractive
profile superposed on the anterior or posterior surface of the IOL. The diffractive profile provides
additional focus besides the focus provided by the base refractive lens.

A refractive base lens with base power Pp.=20+P; D is designed firstly, where Py is the
diffractive add power. If a sinusoidal diffractive profile with a diffractive add power of Py
is superimposed on the base lens with base power Py, a diffractive IOL with three powers
of Ppase—Pd, Ppase and Ppqs.+Pg respectively, corresponding to three visual distances of far,
intermediate, and near respectively, is obtained. With the base lens with a power of 20+P; D,
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the corresponding powers of each order of the diffractive IOL are 20 D, 20+P, D, and 20 + 2P,
D. It is worthy to note that when we design a bifocal or mono-EDoF IOL which uses only the
diffractive order 0 and 1 of the sinusoidal phase, the base power P, should be set to 20 D to
obtain an IOL with the power of 20 D and 20+P, D.

To reduce the fabrication difficulty, the anterior surface is an asphere with a simple conic
constant and the posterior surface was a sphere. The geometry of the IOL surfaces is described
by:

cr2

Z = , (3)
I+ io(zner
where c is the radius of curvature, and k is the conic constant, with a k=0 for the posterior
surface (spherical). The radii of the anterior and posterior surfaces and k of the anterior surface
are optimized to obtain a biconvex base lens with power Pj,.. Meanwhile, the best MTF
performance of the base monofocal lens is obtained by minimizing the RMS wavefront using the
default merit function in ZEMAX.

2.3. Optimization goals of the different types of IOLs with the sinusoidal profile

The feasibility of using the improved sinusoidal profile to design different types of IOLs is
demonstrated in this section.

To obtain a specific type of diffractive IOL, the first thing that needs to be settled is to set
reasonable optimization goals represented by P, and the energy percentage for three orders. The
concept of how to set optimization goals is demonstrated in Fig. 2(a)-(d). The red bars on each
order represent the energy percentage for three diffractive orders and the solid curves over the
bars represent the through-focus curves of the energy distribution.

—_—
(a) Incident light (b) Incident light
—_— I
Optical axis Optical axis
-1 0 +1 1 0 +1
Foac= By B B + Fy Pas= Py Prse P+ Py
—_— —_—
Sinusoidal Len (Bifocal) Sinusoidal Len (Trifocal)
_— —_—
(©)  jucident light © (d) Incident light. ™
D P —
Optical axis <1 0 +1 Optical axis <1 0 +1
Rse o Bse Bt B — Pase=Pi Pase Proset P
—_— —_—
Sinusoidal Len (EDOF) Sinusoidal Len (Mono-EDoF)

Fig. 2. Energy percentage at each focal point and through-focus curves of the energy
distribution for different types of IOLs. (a) The bifocal IOL. (b) The trifocal IOL. (c) The
EDoF IOL. (d) The mono-EDoF IOL. The bars above the focal points represent the energy
percentage at each focal point. The solid curves over the bars represent the through-focus
curves of the energy distribution.

To design a bifocal IOL, a diffractive add power P, is usually predetermined according to the
desired near working distance. Meanwhile, as shown in Fig. 2(a), the energy percentage of order
-1 should be as low as possible while the energy percentage of order 0, and +1 should be as high
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as possible. To design a trifocal IOL, P, is also predetermined according to the desired near
working distance. The energy percentage of each order should be allocated according to actual
needs. For the sinusoidal trifocal IOLs, a large percentage of energy is usually allocated to near
(order +1) and far (order -1) vision, with the remaining to the intermediate (order 0) vision as
shown in Fig. 2(b).

An EDoF IOL is aimed to provide a clear vision for a continuous object distance with a certain
length. This is achieved by increasing the energy percentage of the intermediate vision as well as
reducing the value of P;. By doing so, the through-focus curve of the energy distribution over a
certain image distance is above a specific non-zero value, demonstrating the EDoF feature as
shown in Fig. 2(c). The method of designing a mono-EDoF IOL is similar to EDoF IOL, as
shown in Fig. 2(d). The only difference is that a large energy percentage is allocated to the far
and intermediate vision whereas the energy for near vision is reduced, intending to enhance the
intermediate vision while maintaining the far vision.

From the above explanation, it is possible to design different types of IOL by changing the
diffractive add power P, and energy percentage of each order, which can be achieved by finding
the proper combination of 7, Po and Co. The design goals for each type of IOL are listed in
Table 2.

Table 2. The energy percentage of each diffractive order and P, for different types of IOL

The energy percentage for each diffractive order

IOL type Py (D)
Order -1 (%) Order 0 (%) Order +1 (%)
Bifocal 5 70 25 2.50
Trifocal 50 20 30 1.75
EDoF 45 20 35 0.85
Mono-EDoF 5 75 20 0.40

T is set according to Eq. (7) once the diffractive add power P, is chosen. We set the initial
values of other parameters as Po=1, Co=0, S=0, and @=2.65718. Therefore, the initial phase
function and the initial diffractive profile can be obtained. Such initial diffractive profile is
imported into the Zemax Optical Studio (22.2 Premium, Washington Zemax LLC, USA) using
User Defined Surface (UDS) [31,32] and superimposed to the posterior surface of the base lens
of the pseudophakic eye model. As a result, a pseudophakic eye model with diffractive IOL had
been built in Zemax.

To achieve the specific optical feature, the diffractive profile of the IOL needs to be optimized.
Parameters Po and Co are set as variables to control the energy percentage of each focus and the
energy distribution. Though S does not affect the diffraction efficiency in the calculation above,
it affects the optical performance of the diffractive IOL which includes a refractive base lens with
the aperture size. Thus, S is also set as a variable during the optimization.

In the design of diffractive IOLs, the energy percentage at each focus is mainly determined by
the diffraction efficiency [33,34]. Compared with diffraction efficiency, the Modulation Transfer
Function (MTF) is more comprehensive to evaluate the imaging characteristics of the designed
IOL at each focus. MTF shows a behavior concerning the distribution of diffraction efficiency and
can be quickly calculated by Zemax [15]. Therefore, MTF @ 50 Ip/mm at the design wavelength
A=555nm is used during the optimization for convenience. The pupil diameter is also set as
3.0 mm during the optimization. The total MTF is defined as a sum of the MTF@ 50 lp/mm of
each focus, and the percentage of the MTF at each focus to the total MTF represents the energy
percentage at each focus. The detailed design goals based on MTF are shown in equations (9-11):

MTFTolal = MTFFar + MTFIntermediate + MTFNear, (9)
lefl = |Aiml - MTFIntermediate/MTFToml|a (10)
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lefZ = |Aim2 _MTFNear/MTFTotall, (11

where MT Fgar, MTF 1yiermediates MT FNeqr corresponds to the MTF@ 50 1p/mm for far, intermediate,
and near distance respectively, and MT Fr, is the sum of MTFs of these foci. Aim; and Aim,
are the distribution goals for intermediate and near focus corresponding to the design goals
in Table 2. Diff; and Diff, represent the difference between the actual energy percentage and
the goals for intermediate and near focus. The ultimate goal of the optimization is to obtain a
maximized MT Fr,,, with minimized Diff,, Diff>.

ParetoSearch algorithm is implemented to optimize the diffractive profile to determine the
value of Po, Co, S. We chose this algorithm because it is a novel multi-objective derivative-free
approach, called direct multi-search (DMS), which does not aggregate any of the objective
functions [35]. The algorithm is run in MATLAB (MathWorks, Natick, MA, USA). MATLAB
is interconnected with Zemax through an application programming interface (API) to read the
MTF of the diffractive IOL in real-time.

After optimization, four types of IOLs, namely bifocal, trifocal, EDoF and mono-EDoF IOLs,
are obtained. The optical performance of each type of IOL with design wavelength under different
pupil diameters is evaluated in the Pseudophakic eye model shown in Table 2. In addition, the
optical performance under polychromatic light is also evaluated in the same Pseudophakic eye
model. The wavelength ranges from 475 nm to 645 nm with a step of 10 nm [36]. Weights are
assigned to each wavelength based on the spectral luminous efficiency function for photopic
vision [37].

To further demonstrate the optical performance of the IOLs obtained from this new method, the
designed IOLs are compared with their commercial counterparts, whose data are available in the
literature [38—42]. The measuring conditions of the commercial IOLs are summarized in Table 3.
The defocus values are referred to the IOL plane. The optical performance of the designed
IOLs is evaluated in the same conditions as those in which their commercial counterparts are
measured. For example, when the optical performance of the designed bifocal IOL is compared
with Restore +2.5 D, the designed bifocal IOL is evaluated in the ISO 2 eye model with +0.20 pm
spherical aberration under a wavelength of 550 nm. Whereas, the designed Mono-EDoF IOL
is evaluated in the ISO 2 eye model with +0.28 um spherical aberration under a wavelength of
546 nm because it is the condition in which its commercial counterparts are measured.

Table 3. The measured conditions of the compared commercial IOLs

IOL types Commercial IOL Source Eye model Spherical aberration of the eye
wavelength model cornea

Bifocal RESTOR +2.5D

AT LISA tri 550nm +0.20 pm
Trifocal

FineVision

Symfony

EDoF _—_— 545nm ISO 2 eye model

AT LARA

Vivity +0.28 um
Mono-EDoF Eyhance 546nm

Acunex Quantum

3. Results

3.1. Results of designed four types of IOL

According to the design goals in Table 2, four different types IOLs, namely bifocal, trifocal,
EDoF and mono-EDoF IOLs were optimized. The diffractive profile parameters of each type of
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IOL are listed in Table 4. The designed bifocal IOL had a diffractive add power P, of 2.50 D.
The designed trifocal IOL had +3.50 D near diffractive add power and +1.75 D intermediate
diffractive add power. It can be seen that using different combinations of the Po, Co, and T,
different types of IOL could be designed.

Table 4. The parameters of the diffractive profile for the designed four types of IOL

IOL type Po Co So T(mm?) P4(D)
Bifocal 0.600 0.450 0.800 0.444 2.50
Trifocal 1.180 -0.204 0.422 0.634 1.75

EDoF 1.250 0.100 0.380 1.306 0.85
Mono-EDoF 0.760 0.750 0.410 2.775 0.40

The diffractive profiles of the four IOLs are shown in Fig. 3. Figure 3(a) demonstrates an

intensive diffractive profile which is the result of a large P;. As shown in Fig. 3(b), the trifocal
IOL with a P, of 1.75 D had a relatively less intensive profile in comparison with the bifocal
IOL. For the EDoF and mono-EDoF IOLs as shown in Fig. 3(c) and (d), the diffractive profiles
become sparser mainly due to a decrease in Py.
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Fig. 3. Diffractive profiles (remove the base radius) of the designed IOLs. (a)The bifocal
IOL. (b)The trifocal IOL. (c¢) The EDoF IOL. (d) The mono-EDoF IOLs.

3.2. Optical performance of the designed IOLs under monochromatic light

In this section, the optical performance of the design IOLs was demonstrated by comparing them
with the corresponding commercially available IOLs. Figure 4 shows the optical performance
of the designed bifocal IOL. The through-focus MTF curve at 50 lp/mm in Fig. 4(a) shows two
peaks under different pupil diameters, demonstrating a bifocal characteristic. It also shows that
the diffractive add power is about 2.40 D, slightly lower than the target value of 2.50 D. The
optical performance of the designed bifocal IOL was compared with the AcrySof IQ ReSTOR
+2.5 D (Alcon Laboratories, Fort Worth, TX, USA), which had a combination with an apodized
diffractive zone and refractive zone. The results are shown in Fig. 4(b). In comparison with the
ReSTOR +2.5 D (measured in the ISO 2 eye model with the spherical aberration of 0.20 um
[38]), the present bifocal design slightly improved the MTF for both far vision and near vision.
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Fig. 4. Through-focus MTF curves @ 50 Ip/mm of the designed bifocal IOL. (a) under
pupil diameter of 2.0, 3.0, and 4.5 mm. (b) Comparison with ReSTOR +2.5 D under a pupil
diameter of 3.0 mm. The data of ReSTOR +2.5D was measured in ISO 2 eye model with
+0.20 um SA.

Figure 5 shows the through-focus MTF curves of the designed trifocal IOL, demonstrating
trifocal characteristics with diffractive add powers of 1.75 D and 3.50 D under the 3.0 mm pupil
diameter, which meets the design goals. The performance of the designed trifocal IOL under
pupil diameters of 2.0, 3.0, and 4.5 mm was investigated and results are shown in Fig. 5(a). The
peak of MTF at each focus plane of the designed IOL was affected by pupil diameter. When
the pupil increases, the value of MTF for the far vision remained nearly unchanged. Under a
pupil diameter of 2.0 mm, the through-focus MTF demonstrated a characteristic of an EDoF IOL
with a large depth of focus from 0 D to 4.0 D, corresponding to a depth of focus up to 3.0 D at
the corneal plane, suggesting that the functional vision is obtained over an object distance from
33 cm to infinity.

—~
)
=

Designed trifocal IOL

f-\‘. -=-- FineVision
1\ - = - AT LISA tri 839
\
\

o
=

MTF@50lp/mm
=

00 000 1.00 200 3.00 200 0.00 [ 200
Defocus (D) Defocus (D)

Fig. 5. Through-focus MTF curves @ 50 Ip/mm of the designed trifocal IOL. (a) under
pupil diameter of 2.0, 3.0, and 4.5 mm. (b) Comparison with AT LISA tri 839 and FineVision
under pupil diameter of 3.0 mm. The data of AT LISA tri 839 and FineVision was measured
in an ISO 2 eye model with +0.20 um SA.

The optical performance of the designed trifocal IOL was compared with two trifocal IOLs
on the market under 3.0 mm pupil diameter. One was FineVision Micro F (PhysIOL SA, Liege,
Belgium), a trifocal IOL with superimposing two bifocal profiles [16], and the other one was AT
Lisa Tri 839 MP (Carl Zeiss Meditec AG, Jena, Germany), which has implemented a trifocal
profile in the central 4.34 mm zone and a bifocal profile outside [39]. The comparison of the
designed trifocal IOL with the commercial IOLs (also measured in the ISO 2 eye model with
the spherical aberration of 0.20 um [39]) is shown in Fig. 5(b). It can be seen that the designed
trifocal IOL showed a significant improvement in MTF for near vision in comparison with the
AT LISA and FineVision. The MTF for the far and intermediate vision was nearly at a similar
level as that of AT LISA and FineVision.

The optical performance of the designed EDoF IOL as shown in Fig. 6 demonstrates that the
through-focus MTF curves under different pupil diameters. The designed EDoF IOL under 3.0
mm pupil diameter shows the expected EDoF performance with a large range of continuous vision
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distance. When the pupil diameter was reduced to 2.0 mm, there was an improvement in the far
vision and intermediate vision whereas there was a reduction in near vision. When the pupil
diameter reaches 4.5 mm, a trifocal feature appears with an increase in MTF for intermediate near
vision. The through-focus MTF curves of the designed EDoF IOL under 3.0 mm pupil diameter
(in vitro data measured in ISO 2 eye model with +0.28 um SA [43]) were compared with two
commercial EDoF IOLs, the TECNIS Symfony ZXR00 (Johnson & Johnson IOLs, Groningen,
The Netherlands) which is based on an achromatic diffractive surface with an echelette design,
and the AT LARA 829 MP (Carl Zeiss Meditec AG, Jena, Germany) which is a diffractive design
with smooth microphase (SMP) [44]. The results are shown in Fig. 6(b). The designed EDoF
IOL demonstrated a similar depth of focus to that of the Symfony. However, the MTFs for far
and near vision were below these of Symfony. Compared to the AT LARA, the designed IOL
had an increased MTF for far and near vision whereas a decreased MTF for the defocus ranged
from 0.74D to 1.42D.
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Fig. 6. Through-focus MTF curves @ 50 Ip/mm of the designed EDoF IOL. (a) under pupil
diameter of 2.0, 3.0, and 4.5 mm. (b) Comparison with Symfony and AT LARA under pupil
diameter of 3.0 mm. The data of Symfony and AT LARA were measured in ISO 2 eye
model with +0.28 um SA.

Figure 7 shows the through-focus MTF curves of the designed mono-EDoF IOLs. The
performance of the designed mono-EDoF IOL under different pupil diameters is presented in
Fig. 7(a). The designed mono-EDoF IOL shows the expected mono-EDoF performance at 3.0
mm pupil diameter, enhancing intermediate vision while maintaining far vision in terms of MTF.
When the pupil diameter decreases, the through-focus MTF curves tend to have a monofocal IOL
performance, but with a large depth of focus. When the pupil diameter increases to 4.5 mm, it
shows a trifocal characteristic but the focus of order -1 does not contribute to functional vision.
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Fig. 7. Through-focus MTF curves @ 50 lp/mm of the designed mono-EDoF IOL. (a) under
pupil diameter of 2.0, 3.0, and 4.5 mm. (b) Comparison with Eyhance, Acunex Quantum
and Vivity under pupil diameter of 3.0 mm with monochromatic light. The data of Eyhance,
Acunex Quantum and Vivity with monochromatic light was measured in ISO 2 eye model
with +0.28 um SA.

The optical performance of the designed mono-EDoF IOL was compared with an enhanced
monofocal refractive IOL, the TECNIS Eyhance ICB0O (Johnson & Johnson IOLs, Groningen,
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The Netherlands), a mono-EDoF IOL, Acunex Quantum AN6Q (Teleon Surgical, Spankeren
Netherlands) and an EDoF IOL, the AcrySof 1Q Vivity DFT015 (Alcon Laboratories, Fort Worth,
TX, USA), which was usually used to compare with mono-EDoF IOL [42]. The results are shown
in Fig. 7(b). The MTFs of the designed mono-EDoF IOL for far vision and intermediate vision
are similar to these of Eyhance and Acunex Quantum up to a defocus of 1.25D. The designed
mono-EDoF IOL has a depth of focus of about 1.50 D, which is less than that of Eyhance and
Acunex Quantum. Compared to Vivity, the designed mono-EDoF IOL provides better far and
intermediate vision until a defocus of 1.40D (especially in OD), but Vivity has a larger depth of
focus.

3.3. Optical performance of the designed IOLs under polychromatic light

Since the Pseudophakic eyes normally work in chromatic light, the chromatic aberrations should
play a role in the optical performance of the Pseudophakic eyes. To investigate the effects
of longitudinal chromatic aberrations (LCA) on the optical performance of the Pseudophakic
eyes implanted with the designed IOLs, the through-focus MTF curves were evaluated under
polychromatic light in the Pseudophakic eye model. Because the parameters of the Eyhance
IOL are available in a U.S. patent [45], the through-focus MTF under polychromatic light of the
Eyhance was also evaluated in the Pseudophakic eye model. The results are shown in Fig. 8.
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Fig. 8. Through-focus MTF curves @ 50 lp/mm of the designed IOLs with monochromatic
light and polychromatic light under a pupil diameter of 3.0 mm. (a)The bifocal IOL.
(b)The trifocal IOL. (c) The EDoF IOL. (d) The mono-EDoF IOL along with Eyhance with
polychromatic light. All the results were obtained based on the Pseudophakic eye model.

It can be seen from Fig. 8(a-d) that the LCA caused a significant decrease in MTF for the
far vision of Pseudophakic eyes implanted with each of the designed IOLs. The far vision
of the Pseudophakic eye with trifocal IOL was affected by the LCA the most among all the
designed IOLs, showing a decrease of 0.135 (33.81%) in the MTF for far vision. Whereas the
decrease in the MTF for the far vision of the Pseudophakic eye implanted with the bifocal, EDOF
and Mono-EDoF IOLs is 0.117 (20.35%), 0.068 (19.18%) and 0.112 (18.90%) respectively,
demonstrating a decrease at a similar level. The LCA only slightly affected the MTF for the near
vision of the Pseudophakic eye with the bifocal and trifocal IOLs. Figure 8(b) shows that the
LCA caused an MTF decrease of 0.021 (13.10%) for the intermediate vision of the Pseudophakic
eye with the trifocal IOL. It is worth to note that an extended depth of focus between the far
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vision and intermediate vision of the Pseudophakic eye with trifocal IOL was observed with
polychromatic light. Figure 8(c) shows a decrease of 0.029 (10.15%) for the near vision with the
EDoF IOL, which used diffractive order +1 for the near vision.

One distinct characteristic demonstrated by Fig. 8(d) is that the MTF of the designed Mono-
EDoF IOL at defocus ranging from 0.42 D to 1.02 D showed an increase rather than a decrease
under polychromatic light, though LCA caused a decrease in the MTF for far vision. The LCA
plays a role in decreasing the MTF for the far vision, which is similar for both the designed
Mono-EDoF IOL and Eyhance. The through-focus curve of the MTF of the designed mono-EDoF
IOL is higher than that of the Eyhance for defocus ranging from 0.20 D to 1.25 D. The MTF of
the designed mono-EDoF IOL is lower than that of the Eyhance for defocus larger than 1.25D
under polychromatic.

4. Discussion

We have proposed an approach to design different types of diffractive IOLs using the same
optimization algorithm. This is possible because we improved the phase function simply by
adding an extra parameter in the phase function proposed by Vega ef al. [21]. This improved
phase function holds the advantage that the energy percentage at each focal point could be
adjusted freely and easily by the proper combinations of the parameters in the phase function.
The approach proposed in this paper makes it easier to design different types of commercially
available diffractive IOLs, including bifocal, trifocal, EDoF, and mono-EDoF IOLs.

The sinusoidal profile has already been used to design IOLs, but only in multifocal IOLs
(trifocal or pentafocal) to our knowledge [21,26]. Our improved sinusoidal profile makes it
possible to design a variety of IOLs, thus extending the application of the sinusoidal profile in
the design of IOLs.

More importantly, we found that the optical performance of designed IOLs under monochro-
matic light is either superior (bifocal and trifocal IOLs) or comparable to most of the commercially
available counterparts studied in this paper. One thing worth pointing out is that the optical
performance of the designed IOLs is achieved by a uniform sinusoidal profile without any multi-
zones or combination of diffractive profiles, which is usually done for commercial counterparts,
such as FineVision and Synergy [1]. By multi-zones or combination of diffractive profiles,
more parameters are introduced so that more design freedoms for optimization were available to
achieve certain optical performance of the IOL. If the multi-zones or combination of diffractive
profiles is used on the sinusoidal profile proposed in the present study, it may be possible to
further improve the optical performance of the designed IOLs. One example had been given in
the following part.

The LCA of a Pseudophakic eye is the sum of the LCA introduced by the cornea, the base
lens of the IOL and the diffractive profile. The LCA introduced by the diffractive order +1,
has the opposite sign of the LCA introduced by the cornea and base lens. These LCAs with
opposite signs could cancel out or partly cancel out each other, resulting in a small LCA for the
Pseudophakic eye. This explains why the MTFs for the near vision of the Pseudophakic eye with
bifocal, trifocal or EDOF IOL, which used diffractive order +1 for near vision, are only slightly
affected by the LCA as shown in Fig. 8(a)-(c). Figure 8(a) and Fig. 8(d) demonstrated a drop in
MTF for the far vision of the Pseudophakic eye with bifocal or Mono-EDoF IOL, which both
used the diffractive order O for the far vision. This drop in the MTF for the far vision is due to the
LCA introduced by the cornea and the base lens of the IOL, whose LCAs have the same sign.
Both the trifocal and the EDoF IOL use the diffractive order -1 for far vision, but the LCA seems
to have different effects on the MTF of the Pseudophakic eye with trifocal and EDoF IOLs. The
diffractive order -1 will introduce an additional LCA besides the LCA introduced by the cornea
and the base lens of the IOL as they have the same sign, therefore resulting in a further drop in
the MTF. This was observed in the Pseudophakic eye with the trifocal IOL, which has the highest
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drop of 0.135 (33.81%) in the MTF for far vision among all the designed IOLs. However, the
LCA only introduced a 0.068 (19.18%) drop in the MTF of the Pseudophakic eye with the EDoF
IOL, which is similar to the drop for the Pseudophakic eye with bifocal or Mono-EDoF IOLs.
These results suggest that for the Pseudophakic eye with the EDoF IOL, there may be a balance
between LCA and monochromatic aberrations, thus reducing the effect of LCA on MTF for the
far vision, though diffractive order -1 provides an extra LCA [46,47].

We were unable to obtain the optical performance of the commercial trifocal IOLs under
polychromatic light in the Pseudophakic eye, therefore we could not directly compare the optical
performance of the designed trifocal IOL and AT LISA or FineVision under polychromatic light.
Results shown in Fig. 8(b) demonstrated that the LCA introduced by the diffractive order -1
caused a further decrease in the MTF for Pseudophakia eye with the designed trifocal IOL. This
result implies that the MTF for the far vision under polychromatic light of the designed trifocal
IOL seems inferior to that of the commercial trifocal IOLs like AT LISA and Fine Vision, which
use the diffractive order O far vision.

One possible way to solve this problem is to introduce multi-zones to the sinusoidal profile.
We use a zonal design that combines two bifocal (using diffractive orders 0 and +1) improved
sinusoidal diffractive profiles which have different diffractive add power. As shown in Fig. 9(a),
the inner zone provides far and intermediate vision (OD and +1.75D) and the outer zone provides
far and near vision (0D and +3.50D). With this design, the use of diffractive order -1 for the far
vision and therefore the MTF degradation due to LCA introduced by the -1 diffractive order are
avoided. Figure 9(b) shows the comparison of the performance of the designed zonal trifocal
IOL under monochromatic and polychromatic light. The LCA only lend to a drop of 0.057
(14.56%) in the MTF for the far vision. Compared to the previous trifocal design with a drop
of 0.135 (33.80%) in the MTF, the impact of LCA is significantly reduced. This example also
demonstrates that using a more complex improved sinusoidal profile could further improve
the optical performance of the designed IOLs. However, the introduction of the design with
multi-zones may result in abrupt changes in the height of a profile at the intersection of different
zones as shown in Fig. 9(a).
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Fig. 9. The designed zonal trifocal IOL. (a) Diffractive profile (remove the base radius). (b)
Through-focus MTF curves @ 50 lp/mm with monochromatic light and polychromatic light
under a pupil diameter of 3.0 mm. The evaluation was conducted in the Pseudophakic eye
model.

Here is one important thing worth pointing out is that visual performance involves neural
processing [48] rather than solely determined by optical performance. The reports on the effects
of LCA on visual performance remain controversial. Some studies reported an improvement
in visual acuity after correcting LCA [46,49], whereas other studies demonstrated that visual
performance was not significantly improved with the correction of LCA [48]. It seems that the
retinal image degradation induced by LCA does not lead to an equal proportional degradation in
visual acuity [50], probably due to the neural adaptation. Figure 8 shows that the LCA mostly
affects the MTF for the far vision of the Pseudophakic eye implanted with the trifocal IOL,
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leading to a drop of 0.135 (33.81%). It seems that LCA may significantly affect the far vision of
the eyes implanted with the designed trifocal IOL. However, the clinical study on the comparison
between Acriva Trinova MIOL(VSY, Biotechnology, The Netherlands), which uses diffractive
order -1 for far vision, and Fine Vision (PhysIOL, Liege, Belgium) that uses 0 order for far vision
showed similar corrected visual performance for far distances [25]. This result seems to suggest
that the extra LCA introduced by the diffractive order -1 does not lead to significant decrease in
visual performance and contrast sensitivity, although it induces a decrease in MTF.

The IOLs, which enhance the intermediate vision while providing far vision similar to
monofocal IOLs, are usually called enhanced monofocal IOLs. The Eyhance, which is a
refractive design, is a typical example of this category. It is not clear whether the name “enhanced
monofocal” specifically refers to the refractive design. However, it is known that the enhanced
monofocal IOL is another group of IOLs within the EDoF classification [3]. As a result, the
so-called “enhanced monofocal” is also known as “mono-EDoF”. To avoid confusion with the
enhanced monofocal IOLs that are based on refractive design, the designed IOL in this paper,
which aims to improve the intermediate vision along with providing far vision similar to monofocal
IOL, is called mono-EDoF IOL. Our study shows that the improved sinusoidal diffractive surface,
in addition to the refractive surface, can also be used to improve the intermediate vision while
keeping far vision similar to monofocal IOLs in terms of MTF performance. One possible
disadvantage of the diffractive design lies in that the stray rays caused by the diffractive structure
may lead to dysphotopic phenomena [51], which could be avoided by the IOL with refractive
design.

The distinct difference between the sinusoidal diffractive profile to other commonly used
diffractive profiles such as kinoform or binary is that the sinusoidal diffractive profile could give a
smooth change in the height of the diffractive surface, whereas there are serials of abrupt changes
in the height of the kinoform or binary profiles [14,52,53]. Even if the sinusoidal design has
multi-zones, like what was shown in Fig. 9, abrupt changes in profile height may only appear
at the intersections of different zones. In general, the number of abrupt changes remains less
than the conventional diffractive profiles. This characteristic of a smooth profile may reduce the
deviations of the manufactured IOLs from the designed IOLs. The diffractive profile of the IOLs
is usually fabricated by single-point diamond-turning technology. Ideally, the manufactured IOL
is identical to the designed one. However, deviations from the design are unavoidable. These
deviations are usually introduced during the diamond-cutting process and polishing process. In
the diamond-cutting process, the diamond tool has a limited size, it may be easier to produce a
continuous and smooth profile of the sinusoidal diffractive IOLs than to produce a profile with
abrupt changes such as the traditional kinoform, and binary profiles [54]. More importantly,
the polishing process will introduce less deviations to the continuous profile than to the profile
with abrupt changes. In terms of this, the sinusoidal diffractive profile seems to outperform the
diffractive profile with abrupt changes.

In addition, a smooth profile of sinusoidal IOL may have the advantage to reduce the incidence
of posterior capsule opacification (PCO), a long-term complication of pseudophakic presbyopia
correction, which decreases the contrast sensitivity defocus curve after implantation of IOLs
[55]. It was previously reported that the incidence of PCO correlates with an increase in the
micro-roughness of the IOL surface [56]. Therefore, the smooth and continuous sinusoidal
profile may be able to help reduce the incidence of PCO.

The damped least square (DLS) algorithm provided by Zemax is usually a powerful algorithm
for optimization once a proper merit function is set. However, we observed that this DLS
algorithm failed to get a convergent result for the optimization goals, and we thus used the global
algorithm ParetoSearch in this study. Due to the range of optimization parameters was not large,
the global algorithm was able to traverse all cases fast to find the right combination of parameters,
avoiding any local optimum results. The optimization results can be performed to show 60 Pareto
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solutions from the ParetoSearch algorithm, allowing us to find the optimum result easily. Besides,
the global algorithm ParetoSearch can be easily used by interconnecting it with Zemax once it
has been programmed.

There are also some limitations in this study. We mainly demonstrated the key characteristics
of the IOLs: the through-focus MTF with monochromatic light and polychromatic light.
Though such analysis is reasonable because commercial IOLs are normally evaluated under
monochromatic light according to ISO11972-2: 2014, more factors need to be further considered
for real applications [57]. The individual variability in corneal spherical aberration will affect
the optical performance of the pseudophakic eye. When an IOL is implanted inside the eye,
there is usually decentration and tilt which will affect the visual quality after surgery [58]. In
addition, the stray light introduced by the sinusoidal diffractive structure of the IOL may affect
the optical performance of the Pseudophakic eyes. These factors need further investigation
to ensure a satisfied vision after IOL implantation. As previously mentioned, implementing
diffractive order -1 for far vision would introduce an extra LCA, which may influence the visual
function after surgery. It deserves further efforts to investigate this problem. Another limitation
of this study is that the optical performance of the commercial IOLs was obtained from the
literature. Though best efforts have been made to ensure the optical performance were compared
under the same situation as the commercial IOLs, manufacturing the designed IOLs and then
comparing the optical performance with their commercial counterparts on the optical bench is
the most convincing way to evaluate their actual performance. Because our work mainly focuses
on the feasibility of the approach to design different types of IOLs, the exploration of the above
limitations would be considered in our further work.

5. Conclusion

In this paper, an improved sinusoidal diffractive phase function has been proposed for the first
time, which provides the flexibility in the adjustment of the energy percentage on each diffractive
order. With this improved phase function, we have proposed an approach to design different
types of IOLs. Four types of IOLs, i.e. bifocal, trifocal, EDoF and mono-EDoF IOLs have
been obtained. The optical performance of most designed IOLs is either superior or comparable
to their commercial counterparts under monochromatic light, proving the effectiveness and
reliability of the approach.
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